articles

Use of dipolar "H-""N and "H-"3C couplings in
the structure determination of magnetically
oriented macromolecules in solution

Nico Tjandra'2, James G. Omichinski’, Angela M. Gronenborn’, G. Marius Clore! and Ad Bax'

Anisotropy of the molecular magnetic susceptibility gives rise to a small degree of alignment. The resulting
residual dipolar couplings, which can now be measured with the advent of higher magnetic fields in NMR,
contain information on the orientation of the internuclear vectors relative to the molecular magnetic
susceptibility tensor, thereby providing information on long range order that is not accessible by any of the
solution NMR parameters currently used in structure determination. Thus, the dipolar couplings constitute
unique and powerful restraints in determining the structures of magnetically oriented macromolecules in
solution. The method is demonstrated on a complex of the DNA-binding domain of the transcription factor

GATA-1 with a 16 base pair oligodeoxyribonucleotide.

The principal source of geometric information used in NMR
structure determination of macromolecules in solution lies in
short (<5 A) approximate interproton distance restraints derived
from nuclear Overhauser enhancement (NOE) measurements’?.
NOE derived distances can also be suppleinented by coupling
constants (which are related to torsion angles), *C secondary
shifts (related to the backbone ¢ and y angles) and 'H shifts
(which are influenced by ring current effects from aromatic
groups, magnetic anisotropy of C=0 and C-N bonds, and elec-
tric field effects arising from charged*groups). All these parame-
ters, however, are strictly local in nature and only define
structural restraints between atoms immediately adjacent in the
structure. Despite this limitation, protein structure determina-
tion by NMR is readily possible, primarily because short inter-
proton distances between residues far apart in the sequence are
conformationally highly restrictive.

Nevertheless, a key weakness in NMR structure determination
to date has been the absence of restraints that can define long
range order in their own right. Consequently, the relative posi-
tions of structural elements that do not have many contacts
between residues far apart in the sequence are poorly defined
using current NMR methodologies. Recently, it has been shown
that the dependence of heteronuclear relaxation on rotational
diffusion anisotropy can directly provide structural restraints
that characterize long range order®. In practice, however, the
method is only applicable to molecules with a significant diffu-
sion anisotropy (> 1.5). In this paper, we demonstrate the utility
of small residual one-bond N-'H and “*C-~'H dipolar cou-
plings to define the orientation of the N-H and C~I bond vec-
tars relative to the molecule’s magnetic susceptibility tensor, and

hence provide an alternative set of restraints that characterize
long range order. In addition, we show that they also improve
local backbone stereochemistry.

Molecules with a non-zero magnetic susceptibility anisotropy
will adopt a small degree of magnetic alignment in solution
when placed in a magnetic field. As a result, dipolar couplings
have a small, non-zero value, which scales with the square of
the magnetic field strength*>. These dipolar couplings contain
information on the orientation of the internuclear vector rela-
tive to the molecular magnetic susceptibility tensor. For
directly bonded "N-'H and “C-'H pairs, the dipolar cou-
plings manifest themselveS as small changes of the one-bond J
splitting with increasing magnetic field strength. Recently,
methods have been described which can measure such dipolar
contributions in magnetically aligned proteins with a preci-
sion of a fraction of a hertz®-S,

Dipolar couplings in proteins in isotropic solution were first
reported for paramagnetic cyanometmyoglobin, and showed
qualitative agreement with the crystal structure®. Subsequently,
it was found that myoglobin dipolar couplings are about 30%
smaller than expected on the basis of the magnetic susceptibility
tensor calculated from the static crystal structure’®. Although
very large amplitude motions of intact helices in myoglobin
were invoked as a possible explanation for this discrepancy’,
other causes such as small amounts of aggregation cannot be
excluded!!. Dipolar couplings measured in diamagnetic ubiqui-
tin, which shows considerably weaker magnetic alignment, are
in very good agreement with its crystal structure”s. For both
ubiquitin and myoglobin the dipolar couplings are consistent
with the static crystal structures when the susceptibility tensor
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is included as a variable in the fit. As dipolar couplings are exquis-
itely sensitive to the orientation of the internuclear vector relative
to the magnetic field, they potentially can improve considerably
the accuracy of structures obtained by NMR methods.

Magnetic alignment

The anisotropy of a molecule’s magnetic susceptibility tensor, %,
can be decomposed into the sum of an isotropic component, ¥,
and an anisotropic tensor, Ay. The presence of anisotropy
results in an orientation-dependent interaction energy, E, when
the molecule is placed in a magnetic field:

E=-Yy By Ay Byl 1, (1)

where B, is the strength of the magnetic field in tesla, and (i, is
the permeability (4, = 47 x 1077 tesla? m® joule™!). For proteins
in solution, E is much smaller than kT, and the magnetic suscep-
tibility anisotropy results in only a very small degree of align-
ment with the magnetic field. As a consequence of this magnetic
alignment, dipolar couplings no longer average to zero but have
a small residual value which scales with the square of B,. For
small amplitude internal motions, the observed residual dipolar
coupling (8;;,) between nuclei A and B is given by*:

B4in(8,9) = ~C(By) [1:(3c0s?8 -1) + 3/2 %, (sin’6 cos29)]  (2)

where C(B,) is S(BZ15kT) vy 15 H/(472r,3)]. S is the general-
ized order parameter for internal motions™*'2, v, and vy, are the
magnetogyric ratios of A and B; ¥, and %, are the axial and
rhombic components of the magnetic susceptibility tensor (y, =
Aoz = e T Ay )25 A = Ao - Ay )s Tam is the A-=B internuclear dis-
tance, and 0 and ¢ are cylindrical coordinates describing the ori-
entation of the A—B vector in the principal axis system of the
magnetic susceptibility tensor.

In isotropic solution, these small magnetic-field dependent
dipolar splittings have been observed in a range of small molecules
with relatively large magnetic shielding
susceptibility anisotropy, such as poly-

netic field dependent dipolar interaction, 8;,(6,9). In addition,
there can be a very small magnetic field-dependent contribution
resulting from relaxation interference effects’, known as the
dynamic frequency shift contribution, 8pzs. The value of Spgs can
be calculated accurately and, to a first approximation, is uniform
for a given type of atom pairs, A and B (ref 7.).

Application to GATA-DNA complex

The magnetic susceptibility of most diamagnetic proteins is
dominated by the aromatic groups of Phe, Tyr, Trp and His
residues, and also contains contributions from the susceptibility
anisotropies of the peptide bonds. Since the magnetic suscepti-
bility anisotropy tensors of these individual contributors are
generally not collinear, the net value of Ay in diamagnetic pro-
teins is usually small. Much larger values for Ay, however, are
obtained if many aromatic groups are stacked in such a way that
their magnetic susceptibility contributions are additive, such as
found in nucleic acids'®. For a protein-DNA complex, Ay, is
therefore dominated by the DNA and to a good approximation
will be axially symmetric, that is [y, » [y . Under these condi-
tions, the observed difference (AJ,,,) in J values at two field
strengths will be given by:

Al s = Adpps — AC(B,) %, (3cos?0— 1) (3)

To demonstrate the utility of Equation (3) in NMR structure
determination and refinement, we have measured the magnetic-
field dependent dipolar contributions to 'y and ey splittings
for a complex between the DNA-binding domain of the GATA-1
transcription factor and its cognate 16 base pair DNA fragment,
for which a solution structure has been reported previously'”. Yy
splittings were measured at magnetic field strengths of 8.5, 14 and
17.5 T and exhibited the expected monotonic change with mag-
netic field strength. At 8.5 T, the two-dimensional *C~'H correla-
tion spectrum shows extensive overlap and measurements were
therefore carried out at 11 and 17.5 T. Owing to the 2.5-fold larger

cyclic aromatics and porphyrinsts. 5
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magnetogyric ratio of *C relative to N, which is partially offset
by the 1.07-fold greater internuclear distance and the smaller
range of magnetic fields, pairwise differences between /¢, val-
ues measured at the two flelds are nearly two-fold larger than for
. However, the faster transverse relaxation of BC results in
lower accuracy of the 'Jy splittings and higher uncertainties in
the '"H-"*C dipolar couplings (+ ~0.2 Hz) compared to 'H-"*N
(+ ~0.1 Hz).

No dipolar coupling restraints were obtained for residues with
overlapping ¥"N-'H or “Co—'H resonances, and dipolar cou-
pling restraints for residues which experience either slow confor-
mational exchange (resulting in vanishingly weak "N-'H
correlations) or low order parameters (§? < 0.6, that is $ < 0.77)
were also omitted. As a result, 52 out of a possible 62 Ay and
38 out of a possible 66 Ay dipolar coupling restraints were
available for analysis.

"N T, and T, experiments indicated that, with the exception
of Lys 1, Gly 50 and the C terminus from Lys 61-Arg 606, all pro-
tein residues have §? values larger than 0.6, that is § > 0.77,
Rather than using residue-specific § values, which include
experimental uncertainty, only residues for which §2 > 0.6 were
considered and for these, all S values were assumed to be the
same. Considering that 8y, 5. = SuipaaicS and that peptide back-
bone amide $? values in structured regions of a protein typically
fall in the 0.85 £ 0.05 range, the assumption of a uniform S
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Fig. 2 a, Stereoview showing a best fit super-
position of the two ensembles of 30 simufated
annealing structures obtained with (blue) and
without (yellow) dipolar coupling restraints
(the DNA for both ensembles is shown in red).
b, Two views showing best fit superpositions of
the restrained regularized mean coordinates
obtained with and without dipolar coupling
restraints. The protein is shown as a ribbon
diagram drawn through the Co positions. The
loop between strands B3 and P4 (residues
21-24) is shown in magenta for the structure
obtained with dipolar coupling restraints, and
in black for the structure obtained without
dipolar coupling restraints.

value introduces a negligible error of at
most a few percent in the dipolar coupling.
Structure calculations with residue-specific
§ values vyield results indistinguishable,
from those obtained with uniform § values.
In order to demonstrate that analysis of
protein backbone mobility is not a prereg-
uisite for the use of dipolar couplings, the
results reported in this study are based on
the use of a uniform § value. For values of
the angle 6 close to either 0° or 90°, the
assumption of uniform values of § could in
principle introduce errors in 6 of greater
than 5°. In practice, however, it has no effect
on the calculated structures. This is due to
the fact that the force, which is proportional
to the gradient dAJ/08, exerted during sim-
ulated annealing on the N-H or C-H vec-
tors at 8 =0 = 10° or 90 & 10° is negligible
and has a value of zero at § = 0° and 90°.
Fig. 1 shows the variation as a function
of residue number in the observed values
of AJyu(750-360) and AJcqy(750-500) for
the backbone amide and CaH groups
respectively. The contribution of Adyss to Afyy(750-360) is cal-
culated to be ~0.06 Hz, using a rotational correlation time of 10.5
ns determined from '*N relaxation measurements. As a result of
the small BCo chemical shift anisotropy, the value of Adpg is
negligible for the case of Afey(750-500) and can therefore be
ignored. The magnetic susceptibility tensor for the complex is
dominated by contributions of the bases in the DNA duplex,
yielding an axially symmetric susceptibility tensor with x, < 0
and its unique axis approximately parallel to the axis of the dou-
ble helix. The AJy(750-360) values for the residues in the recog-
nition o-helix (residues 28-38) all are of similar magnitude, as
expected for an o-helix for which the N—H vectors are aligned
roughly parallel to the o-helix axis. They are all small and nega-
tive which indicates that, as expected, the recognition o-helix is
oriented at an angle of ~60° relative to the long axis of the DNA.

Structure calculation with dipolar coupling
The geometric content of the dipolar couplings can be incorpo-

rated into the simulated annealing protocol'® used for structure
determination by minimizing the term Ego1,.:

Edipo]ar = kdipolar(A}(alc - Ajobs)2 (4)

(where kg is a force constant and AJ,,. and AJ . are the
observed and calculated values of AJ respectively), in addition to
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Fig. 3 Precision of the backbone (N, Co, C,
0O) coordinates (top panel} and atomic

°
L ° 0o o
° o Cee
o) 'Y ] ..

L] 8

L]
°99g2999999voee° 90 69999.99
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r.m.s. shift for the backbone coordinates
(bottom panel) between the average struc-
®  tures obtained with and without dipolar
coupling restraints. The precision of the
coordinates is given by the average r.m.s.
shift between the 30 simulated annealing
° structures and their mean coordinate posi-
co tions. The precision of the coordinates
obtained with and without dipolar cou-
pling constraints are shown as closed and
b ge° open circles respectively. For any given

residue, the difference between the two
sets of structures is only significant when
the atomic r.m.s. shift between the two
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mean coordinates for that residue exceeds
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T

Rms shift (A)

N
—

0

the value for the corresponding sum of the
coordinate precision for the two ensem-
bles. Thus, the only region of significant
difference lies in the loop (residues 21-24)
connecting strands 3 and 4.

obtaining the rhombic component of
the diffusion tensor In heteronuclear
relaxation refinement?.

A summary of the statistics of the
structures calculated with and without

0
Residue Number

the various other terms in the target function for the distance
and torsion angle restraints, covalent geometry and non-bonded
contacts. By is evaluated by calculating the angles between
the N-H and Co—H bond vectors and an external arbitrary axis,
defined by a single C—C bond positioned 50 A away from the
complex?. The value of the force constant kg1, is chosen such
that the agreement between observed and calculated AJ values is
approximately equal to the experimental error. In this particular
case, the target errors for Afyy and Ay are ~0.1 and ~0.2 Hz
respectively. Empirically we found that these target errors were
best achieved using force constants of 50 kcal mol™' Hz% and
12.5 kcal mol' Hz? for Al and Al respectively.

To apply Equation (4), the value of %, in Equation (3) must be
determined directly from the ensemble of measured AJ values.
has a maximum value of -2AC(B, )y, when the vector is parallel to
the unique axis of the magnetic susceptibility tensor, and a mini-
mum value of +AC(B, )y, when the vector is orthogonal to it (note
that '/ < 0 and y, < 0). The probability of finding an N-H bond
vector making an angle 8 with the unique axis of the susceptibility
tensor Is proportional to sind, and very few N-H vectors are
therefore expected to point parallel to this axis®. In contrast, a sub-
stantial fraction will be oriented nearly orthogonal to it?, exhibit-
ing a dipolar contribution of ~AC(B,)y, to the '/, splitting. The
value of Adpps can be accurately predicted from the measured N
relaxation times’, and the magnitude of ¥, is then estimated by
assuming that the five residues exhibiting the largest decrease in
e with increasing field correspond to N-H vectors orthogonal
to the unique axis of the magnetic susceptibility tensor. This yields
a ¥, value of -24.4 x 107 m* molecule’ for the GATA-1/DNA
complex, assuming a uniform § value of 0.92 (see above), Test cal-
culations indicate that changes in y, by up to £15% have a negli-
gible effect on the calculated structures. We also note that in the
case of a fully asymmetric magnetic susceptibility tensor, the
rhombic component 7, 1s readily obtained by carrying out a series
of trial calculations for a small number of different rhombicities,
i a manner exactly analogous to that previously described for
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0 the dipolar coupling restraints is pro-
vided in Table 1, and a plot of the
agreement between observed and cal-

culated AJ values is shown in Fig. 1. A stereoview showing the best

fit superpositions of an ensemble of 30 simulated annealing struc-
tures calculated with and without the dipolar coupling restraints
is shown in Fig. 24, and two views showing best-fit superpositions
of the average structures are shown in Fig. 2. The precision of the
backbone atomic coordinates of the two ensembles of structures,
and the atomic r.m.s. shift between the two mean coordinate posi-
tions is plotted as a function of residue in Fig. 3.

Effect of dipolar coupling on calculated structure

When the angle between the internuclear vector and the unique
axis of the susceptibility tensor falls in the 20-70° range (or in
the 110-160° range), the dipolar coupling is a very steep func-
tion of this angle. 1t is therefore not surprising that, prior to
incorporation of the dipolar coupling restraints, agreement
between the observed and predicted dipolar couplings is rela-
tively poor (Table 1). When the dipolar coupling restraints are
incorporated into the target function, agreement within experi-
mental error is obtained between the observed and calculated
values of both AJyy and AJeyy (Table 1). For the most part, this
results in only small local structural changes. Thus, the orienta-
tion of GATA-1 on the DNA is the same in the two ensembles of
structures. Moreover, the agreement with the other experimen-
tal data (NOE-derived approximate interproton distance
restraints and torsion angle restraints) and the covalent geome-
try is only marginally affected by the incorporation of the dipo-
lar coupling restraints (Table 1). The overall precision of the
coordinates increases only slightly by the introduction of the
dipolar coupling restraints (Table 2), but the quality of the back-
bone is improved significantly (Table 1).

In the mean refined structure, the angle between the DNA
helix axis and the C—-C vector employed as the magnetic suscep-
tibility axis in the simulated annealing calculations is ~10°, con-
firming that the magnetic susceptibility tensor of the
protein—-DNA complex is indeed dominated by the DNA and is
approximately collinear with the DNA axis.
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Table 1 Summary of structural statistics’

Without Dipolar ~ With Dipolar
Couplings Couplings
<SA> <SAgipotar>
R.m.s. deviations from expt distance restraints? (A) (1470) 0.044+0.001 0.047+0.001
R.m.s. deviations from expt dihedral restraints? (°) (296)? 0.233+0.041 0.359+0.061
Deviations from dipolar couplings
IH-15N (Hz) (52) 0.510+0.032 0.084+0.005
{H-13C (Hz) (38) 0.653+0.055 0.214+0.017
Deviations from covalent geometry
bonds (A) (3257) 0.005+0.0000 0.005+0.0000
angles (°) (5895) 1.037:+0.006 1.079+0.007
impropers (°) (1640) 0.328+0.036 0.430+0.036
Structure quality?
% residues in most favourable region of Ramachandran map 62.0+4.6 78.7£2.8
Number of bad contacts per 100 residues 17.0+3.1 9.8+3.0

1<SA> and <SA o> are the ensembles of 30 simulated annealing structures calculated without and
with the dipolar coupling restraints respectively. The number of terms for the various restraints is
given in parentheses. X

“None of the structures exhibited distance violations greater than 0.5 A or dihedral angle violations
greater than 5°. The experimental distance and torsion angle restraints were taken from reference 15
and have the accession code 1GAT_MR. The experimental distance restraints comprise 117 intermole-
cular interproton distance restraints between the protein and DNA, 919 intramolecular interproton
distance restraints within the protein [comprising 334 intraresidue restraints, and 242 sequential, 161
short range (1 < |i - jl < 5) and 182 long range (i - j| > 5) interresidue restraints], 26 Joose restraints for
13 intraprotein hydrogen bonds, 371 intramolecular interproton distance restraints within the DNA
{comprising 157 intraresidue, 180 sequential intrastrand, and 34 interstrand restraints], and 37 dis-
tance restraints for Watson-Crick hydrogen bonds within the DNA. The 144 torsion angle restraints for
the protein consist of 58 ¢, 56 v, 26 %, and 4 », angles; the 152 torsion angle restraints for the DNA
comprise loose restraints on the backbone «, B, v, €, and ¢ angles to prevent problems associated with

on a microsecond time scale, invisible to
NMR relaxation experiments!®. Such
notions would reduce the magnitude of
the observed dipolar couplings; a signif-
icant shift in the average orientation is
needed to change the sign of the dipo-
lar coupling, or to result in a dipolar
coupling larger than predicted by the
original structure.

[t is worth noting that the structural
changes in the loop comprising residues
21-24 observed upon dipolar coupling
refinement are not dependent on having
both AJyy and AJgy restraints. An
ensemble of structures was also calculat-
ed using only AJyy dipolar coupling
restraints. The precision of the struc-
tures is unaftected, the atomic r.m.s. dif-
ference between the mean coordinates
calculated with only AJyyy; and both Ajyy
and Afcoy restraints is only 0.53 A for
the protein backbone (residues 2-59),
which is well within the overall preci-
sion of the coordinates (~0.7 A), and the
backbone atomic positions of residues
19-25 are identical in the two ensembles
of structures. Thus, long range order

local mirror images.
3Calculated using the program PROCHECK?2,

can be defined using AJyy dipolar cou-
pling restraints alone. The quality of the

With the exception of a single region, the ensembles of struc-
tures calculated with and without dipolar couplings overlap
(Figs 2a and 3). There is, however, a large displacement (accom-
panied by a maximal ~4 A r.m.s. shift in the backbone coordi-
nates of residue 22) in the short loop (residues 21-24) which
connects strands $3 and 4. Since this loop has low mobility, as
judged from VN relaxation data, this observation illustrates one
of the principal shortcomings of NMR structure determination
based on NOE measurements. The only NOEs observed for
residues 22 and 23 are either intraresidue or sequential, and
there are no long range NOEs involving residues 21-24. Hence,
the precision of the backbone coordinates for this loop is lower
than that for the a-helix and -strands (Fig. 3). Even though
there are loose torsion angle restraints for the ¢ and  angles of
these residues, accumulation of errors in the experimental
restraints (for example, an NOE interproton distance restraint
that is slightly too short, even by as little as 0.1 A) becomes an
important factor in determining the orientation of this loop
with respect to the rest of the protein. The importance of the
dipolar couplings is that by measuring the angle between the N—
H and Co—H bond vectors and the magnetic susceptibility ten-
sor, they provide information on long range order, and hence
can correctly orient such a loop, even in the absence of long-
range interproton distance contacts. Indeed, in the ensemble of
structures calculated without dipolar coupling restraints,
amongst the largest deviations between observed and calculated
values of Al and Afigy are observed in the region comprising
residues 19-25.

Several of the dipolar couplings measured for residues 19-25
are larger than predicted by the original structure, or have oppo-
site signs. This then excludes the possibility that the change in
orientation of this loop region is a result of motional averaging
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backbone is also improved upon refine-
ment against only Afyy dipolar cou-
plings, but not quite to the same extent as upon refinement
against both AJyy and AJeqy. Specifically, the number of bad con-
tacts per 100 residues for the two ensembles of structures
obtained upon refinement against only Afyy and both Afyy and
AJeon restraints is comparable (~11 versus ~10), and about two-
fold lower than for the structures obtained without dipolar cou-
pling refinement (~17). The percentage of residues, however,
lying in the most favourable region of the Ramachandran plot in
the ensemble of structures calculated with only AJyy restraints
(~71%) is intermediate between that for the ensemble of struc-
tures calculated without dipolar coupling restraints {~62%) and
with both Afyy; and Afeyy restraints (~79%). This is hardly sur-
prising, since the orientations of the N-H and Ca—H vectors in a
dipeptide segment provide more restrictive restraints on ¢ and W
than those of the N~H vectors alone.

Concluding remarks

We have demonstrated that small residual dipolar couplings in
one-bond coupling constants can be measured in solution and
used as structurally important restraints in NMR structure deter-
mination. The method is most suitable for systems with relatively
large values of the magnetic susceptibility tensor. This includes
protein—nucleic acid complexes, nucleic acids, proteins with large
numbers of aromatic residues, porphyrin containing proteins,
metal binding proteins where the natural metal, if diamagnetic,
can be replaced by a lanthanide, and proteins chemically modi-
fied to artificially increase the magnitude of the magnetic suscep-
tibility tensor (for example, by binding lanthanides).

In the case of protein~DNA complexes, the introduction of
dipolar coupling restraints aids the determination of the orien-
tation of the protein relative to the long axis of the DNA. Like-
wise, for multidomain proteins, multimeric proteins and
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Table 2 Precision of atomic coordinates and atomic r.m.s. shifts?

nals as described’, using effective
modulation delays of 34.7, 35.5, 36.9,

Coordinate precision (A)
<SA> varsus SA

Protein backbone + Zn + DNA  0.69x0.12 0.67£0.09
All protein atoms + DNA 1.07+£0.10 1.010.11
Protein backbone 0.76+0.13 0.68+0.15
All protein atoms 1.29+0.13 1.21£0.15
DNA 0.62+0.16 0.65+0.10

<SAgipotar> VEIsus SAgipofar

38.3, 39.7, 45.9, 46.8, 47.7, 49.3, and
50.4 ms. The total acquisition time
for each modulation delay was two

Atomic r.m.s. shift (A)
SA versus SAgigol

0.78 hours. The measurements at 360 and
0.99 750 MHz were carried out twice at
112 each field and yielded a pairwise
1.25 r.m.s. reproducibility in Uy, of 0.18
0.39 and 0.12 Hz for the 360 and 750 MHz

1<SA> and <SAgpoin> are the ensembles of 30 simulated annealing structures cafculated without and with
dipolar coupling restraints respectively. SA and SAg .. are the respective average coordinates calcufated
from each ensemble (obtained by best fitting residues 2-59 of the protein, the Zn atom, and base pairs 6-13
of the DNA). The atomic r.m.s. values given are for residues 2-59 of the protein, the zinc atom and base-
pairs 6-13 of the DNA. Residues 1 and 60-66 of the protein are disordered, and basepairs 1-5 and 14-16
are not in contact with the protein so that their conformation is only restrained by sequential NOEs.

data respectively. This corresponds to
random uncertainties of 0.09 (360
MHz) and 0.06 Hz (750 MHz) in the
averaged values” which were used in
subsequent calculations.

The ‘g, couplings were measured

protein—protein complexes, dipolar couplings should provide a
powerful tool for determining relative orientations and mobili-
ties of the various components. Recently, it has been demon-
strated that very low resolution structures can be obtained from
NMR data for slowly tumbling proteins with relative molecular
masses larger than 30,000 if uniform 2H enrichment is used, in
the presence of selected protonated groups (specifically amides
and methyl groups) for which a small number of NOE-derived
interproton distances can be obtained!*?, It is likely that a com-
bination of this approach together with the measurement of
dipolar couplings for the backbone atoms will result in consider-
ably better definition of such larger proteins. For larger proteins
limited spectral resolution could potentially hinder the measure-
ment of an increasingly large number of dipolar couplings. This
problem, however, can be alleviated or circumvented using one
of several different approaches. These include perdeuteration of
non-exchangeable protons to narrow the linewidths, thereby
increasing the resolution; the use of amino acid-specific labeling
to simplify the spectrum; and the use of three-dimensional
NMR to increase the spectral resolution by separating the
'H-*N or 'H-1*Ca. correlations according to the chemical shift
of a third nucleus (for example, the carbonyl carbon).

The degrees of magnetic alignment utilized in the present
study are extremely small, and Brownian motion reduces the
dipolar couplings for the protein—-DNA complex used in this
study by a factor of ~107 relative to the static values. The degree
of magnetic alignment increases with the square of the field
strength, and the development of even stronger magnetic fields
will therefore widen the applicability of dipolar coupling mea-
surements to systems with smaller magnetic susceptibility
anisotropy. In addition, it is possible to exploit a protein’s
anisotropic electrical polarizability tensor or optical absorption
tensor to obtain considerable degrees of alignment of proteins
by means of strong low frequency electric fields or by the use of
polarized light.

Methods

All NMR experiments were carried out at pH 6.5 on a 2 mM complex
containing a molar ratio of 1:1.1:1 of chicken GATA-1 DNA binding
domain uniformly (>95%) labelled with SN or *N/3C, zinc, and dou-
ble-stranded 16-bp oligonucleotide at natural abundance. Samples
were purified and prepared as described!’. NMR resonance assign-
ments were taken from ref. 17.

Measurement of ', couplings was carried out at 25 °C on three
different Bruker NMR spectrometers, an AMX360, a DMX600 and a
DMX750, operating at 'H frequencies of 360, 600 and 750 MHz
respectively. The 'J,, values were extracted from J-modulated sig-
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in a similar fashion, using a slightly
modified constant-time version of
the 'H~1C HSQC experiment?. The experiments were carried out at
40 °C on two Bruker NMR spectrometers, a DMX500 and a DMX750
with 'H frequencies of 500 and 750 MHz respectively. The ‘Jg, modu-
lation delays used were 23.48, 23.80, 24.13, 24.47, 24.82, 25.17,
25.54, 25.92, 26.31, and 27.96 ms. The total acquisition time for
each modulation delay was two hours. Duplicate measurements
were performed and indicate pairwise r.m.s. differences for g, of
0.36 and 0.28 Hz for the 500 and 750 MHz data respectively, and
random errors of 0.18 and 0.14 Hz in the averaged values, The aver-
age values of Uy, and U, from the duplicated experiments were
used in the subsequent calculations.

Structures were calculated by simulated annealing'® using the
program X-PLOR?' modified to incorporate dipolar coupling
restraints. The target function that was minimized comprised qua-
dratic square-well potentials for the interproton distance and tor-
sion angle restraints, harmonic potentials for the dipolar coupling
restraints and covalent geometry (bonds, angles and improper tor-
sions which define planarity and chirality), and a quartic van der
Waals repulsion term for the non-bonded contacts. No empirical
hydrogen bonding, electrostatic or Lennard-Jones potential terms
were included in the caiculations. The final values of the force con-
stants for the various terms are as follows: 30 kcal mol-' A for the
interproton distance restraints; 200 kcal mol-' rad-2 for the torsion
angle restraints; 50 kcal mol-' Hz and 12.5 kcal mol-' Hz? for the
Alyy and AJg, dipolar coupling restraints; 1000 kcal mol-t A2 for
bonds and 500 kcal mol-' rad~ for bond angles and improper tor-
sions; and 4 kcal mol-' A= with a van der Waals radius scale factor
of 0.8 (employing the CHARMM PARAM19/20 van der Waals radii)
for the van der Waals repulsion term. The values of kg, Were cho-
sen to reflect the uncertainty in the values of the measured dipolar
couplings and the two-fold larger uncertainty in the Al versus the
Alyy values. The starting coordinates for the simulated annealing
calculations were taken from the restrained regularized mean coor-
dinates of the GATA-1/DNA complex’ (PDB accession code 1GAT).

Without using the dipolar coupling restraints, adding the suscepti-
bility tensors of the nucleic acid bases, peptide bonds, and aromatic
residues yields y, = -22.9 x 102% and %, = 1.9 x 10~ m? molecule’,
with the unique axis of the axial component making an angle § of 7°
with the DNA axis; for the averaged structure calculated with the
dipolar constraints included: y, = -23.0 x 10 and y, = 1.0 x 103
m3/molecule, 8 = 6°. For comparison, the value of y, derived from
the ensemble of Af,, values and used in the structure calculations is
-24.4 x 107 m3 molecule .
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